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Preface 
This  f i n a l  r e p o r t  was prepared by the  Research Appl icat ions D i v i s i o n  o f  
Systems Research Laboratories, Inc., under NASA Contract NAS1-16562, 
w i t h  D r .  G. Burton Northam as NASA P ro jec t  Monitor. The research was 
conducted by D r .  Richard R. A n t c l i f f .  This r e p o r t  describes e f f o r t s  
performed dur ing the  per iod  12 March 1981 through 2 October 1986. 
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INTRODUCTION 
Physical probes have provided combustion researchers w i t h  temperature 
and pressure informat ion f o r  many years. However, in te r fe rence w i t h  the  
f l o w  proper t ies and degradation i n  h o s t i l e  environments l i m i t  the use o f  
probes. 
t ions .  
(CARS), has the  add i t iona l  advantages o f  (1 ) h igh  conversion e f f i c i ency ,  
( 2 )  a l a s e r - l i k e  beam fo r  h igh c o l l e c t i o n  e f f i c i e n c y ,  fluorescence, and 
luminos i ty  d isc r im ina t ion ,  and ( 3 )  h igh  s p a t i a l  and temporal reso lu t ion .  
These advantages must be weighed against  t he  increased complexity o f  a 
CARS system and i t s  l i m i t a t i o n s .  These l i m i t a t i o n s  inc lude the  presence 
o f  an i n t e r f e r i n g  nonresonant background, the  need f o r  o p t i c a l  access, 
and the requirements f o r  s t a b i l i t y  o f  t he  o p t i c a l  system. CARS has been 
app l ied  t o  many complex environments i nc lud ing  plasmas,’ i n t e r n a l  com- 
bus t ion  engines , 394  shock tubes ,5,6 f u l l - s c a l e  combustors, ’-13 and a 
supersonic combustor. 
Opt ica l  d iagnost ic techniques general ly overcome these 1 i m i  t a -  
One o f  these techniques, coherent anti-Stokes Raman sca t te r i ng  
14 
This  r e p o r t  describes a system which has been developed a t  NASA Langley 
Research Center f o r  simultaneous measurement o f  temperature and n i t rogen 
and oxygen number density. The system has been described, i n  par t ,  pre- 
v ious ly  15-18 as s p e c i f i c  subsystems were developed. This  system has 
been u t i l i z e d  t o  ob ta in  a data base f o r  comparison w i t h  computational- 
f luid-dynamics (CFD) ca lcu lat ions.  These data have been included t o  
i l l u s t r a t e  the  c a p a b i l i t i e s  o f  the system. 
THEORETICAL BACKGROUND 
A CARS s ignal  i s  generated as two l a s e r  beams a t  frequency o1 and one 
lase r  beam a t  frequency o2 are  mixed t o  produce a f o u r t h  l a s e r - l i k e  beam 
a t  the CARS frequency w3 = 201 - 02. The CARS s igna l  i s  dependent upon 
the  p o l a r i z a b i l i t y  o f  t he  molecule. 
19 as a power ser ies  
The p o l a r i z a b i l i t y  can be w r i t t e n  
1 
where E i s  the e l ec t r i c  f i e ld  strength and x ( ’ )  i s  the suscept ibi l i ty .  
I t  i s  the third-order terms which describe CARS and other nonlinear 
Raman techniques. 
shown2’ to  be 
The intensity of the CARS s ignal ,  1 3 ,  has been 
where I, i s  the intensity a t  frequency wl; C i s  the speed of l igh t ;  q 3  
i s  the refractive index a t  w3; and L i s  the interaction length. T h i s  
equation assumes tha t  the required momentum phase matching has been 
sa t i s f ied  and tha t  the beams have the same focal diameter. 
l inear  susceptibil i ty i s  a complex termz1 which has been simplified fo r  
20,22 normal CARS conditions 
The non- 
where N is  the number density of the species probed; A 
t i o n  difference between the s t a t e s  studied; do/dn i s  the Raman cross 
section and assumed t o  be constant; wr is  the frequency of a Raman 
act ive rotational or vibrational s ta te ;  r is  the Raman halfwidth; and 
( 3 )  i s  a collection of suscept ibi l i ty  terms w h i c h  are generally a 
slowly varying function of frequency. The  x i 3 )  term can become important 
under resonance23 conditions, when near other rotational or  vibrational 
 transition^,'^ or when the species density i s  low. 
i s  the popula- v , J  
v , J  
X B  
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From Eq. (3)  i t  can be seen tha t  as the difference between w1 and w 2  
approaches a Raman resonance, the signal increases dramatically. Nor- 
mally w1 i s  he ld  f ixed ,  and w 2  is scanned t o  generate a CARS spectrum. 
However, in turbulent environments this i s  impractical since the sample 
changes rapidly. An a l ternat ive makes use of a broadband dye 
laser  fo r  w2.  Utilizing an array detector allows the complete spectrum 
to be acquired in a single 10-ns laser  shot. 
2 
CARS SYSTEM 
The CARS system a t  NASA Langley employs a Nd:YAG laser ,  broadband dye 
lasers,  nonplanar BOXCARS beam a1 ignment, a reference s ignal  generated 
i n  ambient a i r ,  and both photomult ip l  ie r - tube (PMT) and photodiode-array 
detect ion.  Figure 1 i s  a schematic diagram o f  the o p t i c a l  layout  and 
w i l l  be referenced i n  the fo l lowing descr ip t ion.  
Laser System 
The main pump laser  was a Quanta-Ray DCR-1 Nd:YAG laser .  This l ase r  
i s  normally operated a t  10 Hz and emits Q 200 mJ i n  a 10-ns pulse a t  
532 nm. The lase r  has been updated w i t h  new pump c a v i t i e s  and O-ring 
seals. The 532-nm output was produced w i t h  a Quanta-Ray HG-2 
temperature-control l e d  frequency doubler. The temperature cont ro l  i s  
he lp fu l  i n  e l im ina t i ng  repeated tweaking o f  the  c r y s t a l  angle as the  
c r y s t a l  heats up. The 532-nm output was separated from the  res idua l  
1064-nm output by means o f  a Pell in-Broca prism. The res idual  output  
was d i rec ted  through a second frequency doubler t o  ob ta in  an add i t iona l  
532-nm laser  beam. This po r t i on  of the  532-nm beam was used t o  pump the  
580-nm dye-laser o s c i l l a t o r .  
Two broadband (Q 200 cm") dye lasers were employed i n  t h i s  system. The 
o s c i l l a t o r  of these dye lasers consis ts  o f  a f low ing  dye c e l l  o r ien ted  
a t  Brewster's angle r e l a t i v e  t o  the dye-laser o p t i c a l  ax is .  The o s c i l -  
l a t o r  was pumped s l i g h t l y  o f f  ax is  i n  a c a v i t y  formed by a t o t a l  and a 
30% re f l ec to r .  A s i n g l e  amp l i f i e r  stage was used f o r  each dye laser .  
Several combinations o f  dye-laser concentrat ions and pump-laser energies 
were used i n  the  o s c i l l a t o r s  and ampl i f ie rs  t o  ascer ta in  the  optimum 
beam q u a l i t y ,  power output, and s t a b i l i t y .  No advantage was found over 
using a simple 50/50 s p l i t  o f  the l a s e r  energy between the  o s c i l l a t o r  
and a m p l i f i e r  and the same dye concentrat ion i n  both. 
The nitrogen-dye-laser (606.5 nm) concentrat ion was Q 7.5 x 10'' molar 
rhodamine 640 i n  methanol. The oxygen-dye-laser (508 nm) concentrat ion 
was - 5 x The output frequency o f  
these lasers can be adjusted by a l t e r i n g  the  Concentrat ion o f  the dye. 
molar rhodamine B i n  ethanol. 
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Signal Generation 
A nonpl anar BOXCARS 27928 beam conf igurat ion was used t o  maximize the  
spa t ia l  reso lu t i on  of the system whi le  mainta in ing optimum s ignal -  
generation e f f i c i ency .  
about the focus. The 532-nm "pump" l ase r  was s p l i t  i n t o  two equal beams 
and pos i t ioned v e r t i c a l l y  on the  focusing lens. The two dye-laser beams 
were pos i t ioned v e r t i c a l l y  bu t  placed t o  one s ide o f  the  "pump" beams. 
The dye-laser beams should be s l i g h t l y  outs ide an imaginary c i r c l e  on 
the  lens having a diameter equal t o  the  "pump"-beam separation and a 
midpoint  a t  the  center o f  the lens. 
beams were s p a t i a l l y  separated from the  i npu t  l ase r  beams, and the  i npu t  
beams could be r e a d i l y  trapped. The crossing and focusing element was a 
plano-convex 50-cm 1 ens. 
Figure 2 shows the  laser-beam conf igura t ion  
With t h i s  con f igu ra t i on  the  s ignal  
A small n i t rogen j e t  was used t o  ob ta in  the  experimental i n t e r a c t i o n  
length. This j e t ,  surounded by an argon sheath, was stepped through the  
i n t e r a c t i o n  length  and the  signal  recorded by measuring the  s ignal  t o  
10% on e i t h e r  s ide o f  the  peak. The e f f e c t i v e  s ignal-generat ion length  
o f  Q 1 mn was determined. The in te rac t i on  volume was assumed t o  be a 
cy l i nde r  having a diameter o f  250 urn. 
Referencing 
Measurements obtained from a s tab le environment (e.g., ambient a i r )  
showed considerable f l u c t u a t i o n  i n  the  s ignal  i n t e n s i t y .  This f l uc tua -  
t i o n  was due t o  several f ac to rs  inc lud ing  shot-to-shot pump-laser f l u c -  
tua t ions  (both i n  i n t e n s i t y  and frequency), va r ia t i ons  i n  the broadband 
dye lase r  output due t o  mode competition, and movement o f  the beams 
causing changes i n  the  i n te rac t i on  length  and i n  the  detector  response. 
This f l u c t u a t i o n  presented a problem i n  making concentrat ion measure- 
ments s ince such measurements are dependent on the  s ignal  i n t e n s i t y .  To 
a l l e v i a t e  t h i s  problem a referening system was establ ished t o  compensate 
fo r  v a r i a t i o n  i n  the  signal-generation e f f i ~ i e n c y . ~ '  A 20% beam s p l i t -  
t e r  was placed immediately a f t e r  the  crossing and focusing lens. This 
s p l i t t e r ,  placed a t  45 deg., formed a second foca l  volume i n  ambient 
a i r .  The n i t rogen and oxygen signals generated i n  t h i s  reference volume 
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and the signals generated from the data (flame) volume were detected 
simultaneously. A flat glass plate was placed immediately after the 
splitter in the reference leg to compensate for a path difference in the 
sample leg caused by the splitter. 
adjusted to produce optimum correlation between the sample and reference 
signals. This was accomplished through use of a real-time program which 
displayed the correlation as the system was adjusted. 
tions were better than 10% for the nitrogen signals and better than 4% 
for the oxygen signals. 
The reference leg was optically 
Typical correla- 
Nitrogen Detection 
The complete nitrogen Q-branch spectrum was generated with a broadband 
dye laser. An intensified-si1 icon-photodiode (ISPD) array was used in 
this system to capture a complete spectrum with each laser shot. The 
electronic scanning of this array of diodes was controlled by a mini- 
computer as described below. 
the detector to disperse the input beam and, thereby, reject stray laser 
light. 
A 1-m monochromator was used in front of 
A study was made to determine the experimental dynamic range of the 
ISPD.18 Using calibrated sources the actual dynamic range of the 
instrument was found to be 
small measured range. First, detector noise limited the lower measur- 
able limit to about 200 counts. Secondly, the spherical lens normally 
used to focus the CARS signal onto the detector was found to cause local 
saturation of the microchannel plate intensifier since the full detector 
height was not utilized. This dynamic range was insufficient for track- 
ing the large signal-intensity variations associated with turbulent com- 
bu s ti on. 
100. Two major factors contributed to this 
Two modifications were made to the system to increase this dynamic 
range. 
chromator was replaced by a cylindrical lens. This lens produced a line 
image on the detector, thereby utilizing the full detector height. This 
improvement reduced the 1 oca1 saturation of the microchannel plate 
First, the spherical lens at the entrance to the detector mono- 
7 
intensif ier  and improved the l inear  dynamic range by approximately a 
factor of five. 
external sp l i t t e r  arrangement as  suggested by Goss.~’ The nitrogen CARS 
signal was directed t h r o u g h  a se r ies  of s p l i t t e r s  t o  produce three sepa- 
r a t e  signal beams having in tens i t ies  of Q l ,  19, and 80% of the original 
signal. 
position and opened ful ly .  
onto the s l i t  plane. The signals followed the path of the monochromator 
and were imaged side by s ide on the detector. 
intensi ty  signals t o  be recorded simultaneously by the diode array 
detector and increased the dynamic range by a factor of 100, which was 
suff ic ient  for these studies.  The reference nitrogen signal was also 
imaged onto the horizontal s l i t .  T h u s ,  four separate spectra were 
simultaneously recorded by the array detector.  
The second improvement was the implementation of an 
The  monochromator entrance s l i t  was rotated t o  the horizontal 
The three signals were imaged side by side 
T h i s  allowed the three 
Oxygen Detection 
RCA 8575 Photomultipliers (PMTs) were used t o  detect  the oxygen signals 
since only the integrated intensity of the signal was required. 
surements of the oxygen density a re  complicated by the presence of a 
nonresonant background signal a t  low oxygen densi t ies .  In this system 
the nonresonant background signal has been nearly eliminated by use of 
polarization ~ e l e c t i o n . ~ ’  
nant and nonresonant signals a re  d i f fe ren t  due t o  the electronic origin 
of the nonresonant signal.  To take advantage o f  this difference, the 
polarization o f  the oxygen dye laser  was rotated 60 deg. re la t ive  t o  the 
pump polarization. This was accomplished w i t h  a Karl Lambrecht 1/2-wave 
Fresnel Rhomb and a polarizing prism. A zero-order 1/4-wave retarder 
was also placed i n  the beam path t o  minimize e l l i p t i c a l  polarization 
introduced by multiple optical elements. A polarizing prism was placed 
i n  the pump beam t o  improve the polarization character is t ics  of the 
beam. 
Mea- 
The polarization character is t ics  of the reso- 
With the scheme discussed above, the polarization of the resonant signal 
i s  the same as  tha t  of the pump beams ( F i g .  3). The nonresonant signal,  
however, was rotated 30 deg. from the pump beam. The nonresonant signal 
was blocked by placing an analyzer orthogonal t o  the nonresonant 
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, 
p o l a r i z a t i o n  axis. 
t h i s  conf igurat ion since the  analyzer and resonant-po lar izat ion ax i s  
were separated by 60 deg. 
Some r e j e c t i o n  of the resonant s ignal  occurred i n  
Bandpass f i l t e r s  were used t o  block s t ray  l i g h t  from the PMTs. 
i n i t i a l  complications were found due t o  the  l a rge  bandpass o f  these f i l -  
t e r ~ . ~ ~  A r o t a t i o n a l  hydrogen l i n e  ( 5  - 7 )  was passed by these broad 
r e j e c t i o n  f i l t e r s  and detected by the oxygen PMTs. 
e l iminated through the  use of narrower bandpass r e j e c t i o n  f i l t e r s ,  
Some 
This s ignal  was 
System Ca l i b ra t i on  
The accuracy and p rec i s ion  o f  the CARS measurements were demonstrated by 
use o f  a f l a t - f l ame burner. This burner had been studied prev ious ly  and 
found t o  be characterized by a we1 1 -behaved temperature p r o f  i 1 e. The 
burner, produced by McKenna Industr ies,  Inc., was composed o f  a 7.94-cm- 
diam. s intered-stainless-steel  p lug housed i n  a s ta in less-s tee l  jacket .  
The burner was cooled by a water c o i l  w i t h i n  the plug. The burner was 
operated w i th  the a i r  f l ow  held constant a t  100 g/min and the  hydrogen 
flow adjusted over the s to ich iometr ic  f r a c t i o n  range o f  % 0.1 - 1.0. 
The water f low r a t e  and temperature r i s e  as wel l  as the  hydrogen and a i r  
f l o w  ra tes  were measured and recorded by the computer system. These 
experimental values were used t o  c a l c u l a t e  the  expected temperature and 
33 species concentrations i n  the f low. 
Figure 4 shows the comparison o f  the CARS and ca lcu lated values f o r  tem- 
perature, n i t rogen number density, and oxygen number densi ty.  The CARS 
values shown represent the mean o f  100 data shots. The oxygen measure- 
ments have a minimum detectable l i m i t  o f  % 1 x 1017 molec./cc due t o  the 
i n t e r a c t i o n  of the nonresonant and resonant suscepti  b i  1 i ty  which could 
no t  be completely e l iminated because o f  incomplete p o l a r i z a t i o n  o f  the 
l ase r  beams. 
The r e l a t i o n s h i p  between the i n t e n s i t y  i n  the  data legs and reference 
1 egs was also required f o r  accurate c a l c u l a t i o n  o f  species concentra- 
t i o n .  This was accomplished by acqu i r i ng  data w i t h  ambient a i r  i n  both 
the data and the reference sample volumes. 
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COMPUTER CONTROL 
A complete description of the computer control of the Reticon detector 
has been given previously;16 therefore, only a summary will be given 
here. The multichannel detector used i n  this system was a n  EG&G PAR 
1420 Reticon. T h i s  detector contains 1024 individual diode elements, 
the center 700 of  which were preceded by a fiber-optic-coupled, 
proximity-focused, microchannel plate in tens i f ie r .  An EG&G PAR 1218 
Detector Controller was used fo r  electronic control of the scanning and 
data acquisition of the detector. A Reticon interface was specially 
b u i l t  t o  communicate w i t h  the diode-array control ler .  T h i s  interface 
handles separate input and o u t p u t  data l ines ,  signal drivers for  long- 
distance operation, and the inverted logic required by the control ler .  
Scanning o f  the Reticon was controlled by random-access memory ( R A M )  
w i t h i n  the 1218 control ler .  T h i s  memory provided each individual detec- 
t o r  element (pixel)  w i t h  predefined scanning instructions.  These 
instructions were calculated by the MODCOMP and downloaded into the 
1218. This instruction s e t  f a s t  scans over the unintensified portion of 
the detector and provided normal analog-to-digital conversion over the 
center 700 pixel s. 
An assembly-language program was written t o  i n i t i a t e  the Reticon scan- 
n i n g .  A t  the beginning of each scan cycle, a signal was sent from the 
1218 t o  f i r e  the laser .  
plished between laser  shots. The f i r s t  was the data-acquisition scan, 
Three complete scans o f  the Reticon were accom- 
and other two were used t o  clean the pixels of any remaining signa 
before the next laser  f i r ing .  During these "clean scans" the data 
transferred to  magnetic tape fo r  processing. 
Collection o f  photomultiplier data was a l so  triggered by the laser  
were 
pulse 
and, therefore, occurred simultaneously w i t h  the Reticon scans. 
Kinetics 1500 CAMAC Crate was used t o  house the PMT collection electron- 
ics .  The PMT signals were sent t o  a LeCroy 2249SG 12-Channel Analog-to- 
Ditigal Converter. 
mable Dual Gate Generator. These signals were routed t o  the MODCOMP via 
an I E E E  interface and stored on magnetic tape w i t h  the Reticon data. 
A 
T h i s  u n i t  was triggered w i t h  a LeCroy 2323 Program- 
1 2  
1 
An add i t iona l  program was run simultaneously w i t h  the  data-acquisi t i o n  
program t o  produce a rea l - t ime display of several system parameters. 
pa r t i cu la r ,  burner flow condi t ions and PMT output were displayed. The 
Reticon output was displayed on an osci l loscope. 
I n  
Data Reduc t i on 
To ob ta in  the temperature, the experimental n i t rogen spectra were com- 
pared w i t h  a l i b r a r y  o f  precalculated theo re t i ca l  spectra. These spec- 
t r a  were ca lcu lated i n  20-K steps and stored on d isk.  The experimental 
data were re t r i eved  from tape and corrected w i t h  a background data scan 
and a detector  response funct ion.  The computer then selected the l a r g -  
e s t  unsaturated sample from the three n i t rogen data s ignals.  
were compared w i t h  a l i b r a r y  o f  precalculated theo re t i ca l  spectra t o  
ob ta in  the experimental temperature. 
The data 
Once the temperature had been obtained, the  concentrat ions o f  n i t rogen 
and oxygen were extracted. The number densi ty  N o f  a species a t  tem- 
perature t has been shown3' t o  be 
where N300 i s  the number dens i ty  a t  300 K; It i s  the  experimental i n t e -  
grated i n t e n s i t y  corrected f o r  reference f l uc tua t i ons ;  and 1300 i s  the 
in tegra ted  i n t e n s i t y  a t  300 K, obtained from a c a l i b r a t i o n  run  i n  room 
a i r .  
t r a l  1 i brary. 
The ca lcu lated values were generated from the  precalcu lated spec- 
The experimental n i t rogen in tegrated i n t e n s i t y  was obtained by summing 
the  spect ra l  channels selected by the  f i t t i n g  rou t ine .  Oxygen densi ty  
ca lcu la t ions  were simp1 i f i e d  by the use o f  photomul t ip l ie r  tubes which 
y i e l d  in tegra ted  i n t e n s i t y  d i r e c t l y .  A t ime o f  Q 2.5 s was requi red f o r  
analys is  o f  each measurement on the MODCOMP computer. The a r i t hmet i c  
mean, standard dev iat ion,  and 95% confidence 1 eve1 were ca lcu la ted  f o r  
each data se t  (100 lase r  shots) f o r  comparison w i t h  CFD ca lcu lat ions.  
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CARS Signal Errors  
Errors  must be considered which were associated w i t h  s ignal  generation 
and s ignal  detection. 
system i s  the f l u c t u a t i o n  i n  the l ase r  outputs. F i r s t ,  t he  YAG l ase r  
i n t e n s i t y  varies considerably from shot t o  shot. Since t h i s  l a s e r  i s  
used t o  pump the  dye lasers,  t h i s  v a r i a b i l i t y  i s  t rans fe r red  t o  t h e i r  
output. Also, temperature changes i n  the  doubling c r y s t a l s  e f fec ted  a 
long-term change i n  the  i n t e n s i t y  output. A tempera ture-s tab i l i za t ion  
u n i t  was i n s t a l l e d  on the  primary doubling c r y s t a l  t o  reduce t h i s  
e f f e c t .  
i n  t h i s  system t o  compensate f o r  t h i s  type o f  f l u c t u a t i o n .  The spec t ra l  
character o f  the  broadband dye lasers  was dependent upon the  f l uo res -  
cence and absorption o f  the  dye used. However, because o f  t he  competi- 
t i o n  among the many ava i l ab le  modes, t he  ou tpu t  was very s t ruc tu red  and 
var iab le .  This type o f  f l u c t u a t i o n  cannot be tracked adequately by 
referencing and cons t i t u ted  a major source o f  noise. 
The most prevalent e r r o r  associated w i t h  the  CARS 
I n  addi t ion,  referencing of t he  generation e f f i c i e n c y  was used 
I n  the  current  system, fou r  l ase r  beams were focused and crossed t o  form 
the  sample volume. When sampling i s  conducted i n  the  center o f  a turbu- 
l e n t  environment, considerable beam s teer ing  may occur p r i o r  t o  the  
focus. This s teer ing  causes random misalignment o f  the  beams and subse- 
quent random decrease i n  s ignal  i n t e n s i t y .  As t he  s ignal  beams e x i t  
through the sample, beam s teer ing  may occur again. 
move the  beam on the  de tec t ion  o p t i c s  and a l t e r  t he  c o l l e c t i o n  
e f f i c i e n c y  . 
This s tee r ing  may 
The s i z e  and p o s i t i o n  o f  t he  sample volume was a l s o  c r i t i c a l  t o  the  
i n t e r p r e t a t i o n  of the data. 
and products form and move downstream. These eddies have a broad s i z e  
range. 
o f  t he  temperature and dens i t i es  w i l l  occur, and t r u e  p o i n t  measurements 
w i l l  n o t  be possible. I n  addi t ion,  if the  sample volume i s  posi t ioned 
such t h a t  it measures two d i f f e r e n t  f lows (i.e., f u e l  and coax ia l  a i r ) ,  
a weighted averaging w i l l  occur. 
e x i s t s  between sample-volume s i ze  and absolute s igna l  i n t e n s i t y .  
I n  the  burner studied, eddies o f  reac tan ts  
I f  the  sample volume i s  l a r g e r  than the  eddy size, an averaging 
It should be noted t h a t  a tradeoff 
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The nonresonant s ignal  can be a source of e r ro r .  The n i t rogen analys 
software assumed t h a t  the nonresonant s ignal  was r e l a t i v e l y  low and, 
therefore,  handled i n  the data reduction. The oxygen system, because 
the r e l a t i v e l y  l o w  oxygen density, u t i l i z e d  po la r i za t i on  r e j e c t i o n  o f  
S 
o f  
the nonresonant background. This technique requi res excel l e n t  po la r iza-  
t i o n  cha rac te r i s t i cs  i n  the  lasers and op t ics  f o r  achievement o f  com- 
p l e t e  re jec t i on .  
a c t e r i s t i c s  of the laser  beams were introduced by the la rge  number o f  
o p t i c a l  elements through which the l ase r  beams had t o  pass. Therefore, 
the possible incomplete r e j e c t i o n  o f  nonresonant background l i m i t e d  the 
minimum oxygen leve l  detected. 
I n  t h i s  system d i s t o r t i o n s  i n  the po la r i za t i on  char- 
The narrow f i  
hydrogen 1 i n e  
s igna l .  This 
dens i ty  ca l  cu 
t e r  used before the oxygen PMTs t o  r e j e c t  an i n t e r f e r i n g  
(see above) may have d i s t o r t e d  the  l ineshape o f  the oxygen 
d i s t o r t i o n  could have caused an e r r o r  i n  the  oxygen- 
a t i o n  s ince i t  i s  dependent upon a known lineshape. The 
e r ro rs  associated w i th  the  Reticon de tec tor  used i n  the  n i t rogen l e g  
have been we l l  documented.18 These e r ro rs  were found t o  be due mainly 
t o  sa tura t ion  o f  the  image i n t e n s i f i e d  on the f r o n t  end o f  the  photo- 
diode array. 
CARS DATA-REDUCTION ERRORS 
The theo re t i ca l  descr ip t ion  o f  the CARS process was cont inuously being 
r e f i n e d  t o  f i t  the experimental data more accurately.  These improve- 
ments are genera l ly  no t  needed f o r  such low-resolut ion studies.  How- 
ever, they may introduce f i n i t e  e r ro rs  and, therefore,  are discussed 
here. 
a simple funct ion of cons t i tuent  dens i t i es  which were a d i a b a t i c a l l y  c a l -  
cu la ted from the  experimental temperature. The nonresonant values o f  
 rad^^^ were used. These values have been disputed by Recently, 
more complex f i t s  which inc lude the nonresonant background as a va r iab le  
have a lso  been attempted w i t h  success.36 This system a lso  assumed t h a t  
the  Raman l i new id th  fo l lows a simple 1/T funct ion.  Rahn has shown t h a t  
t h i s  assumption i s  an oversimpl i f i ~ a t i o n . ~ ~  The theo re t i ca l  spectra 
must be convolved with the  system l a s e r  and detector  l i new id th  func- 
t ions.  
I n  t h i s  system the  nonresonant-background term was assumed t o  be 
The convolut ions o f  Y ~ r a t i c h ~ ~  have been used f o r  t h i s  system. 
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Recently, Teets3' and Katol ica4' introduced an improved convolut ion 
which more accurately takes i n t o  account the  nonresonant interference. 
The 1 i brary i n t e r v a l  (20 deg. ) a lso  imposes a lower 1 i m i  t on the reduced 
data . 
SUBSONIC DIFFUSION BURNER 
The burner used i n  the  present studies consisted o f  two coaxia l  tubes. 
The inner  tube, which ca r r i ed  the  fue l ,  had a 4.7-mm inner  diameter and 
a 6.4-mm outer diameter. This tube was tapered a t  the  e x i t  plane t o  a 
l i p  thickness o f  0.51 mm. The outer  tube, which c a r r r i e d  a i r ,  had an 
inner diameter of 24.5 mm. The length  of the  burner was Q 45 cm. Typi-  
ca l  f l o w  rates were 100 m/s i n  the  a i r  tube and 15 m/s i n  the f u e l  tube. 
The f u e l  consisted o f  a mix ture o f  80% hydrogen and 20% ni t rogen. The 
add i t i on  o f  n i t rogen t o  the  fuel  was necessi tated by the  use o f  n i t rogen 
as the  temperature probe species. 
Figure 5 d isplays a spark shadowgraph o f  t h i s  burner under the  above- 
s ta ted f low condi t ions.  This obviously very tu rbu len t  f l o w  provided a 
good t e s t  o f  the dynamic range o f  the  CARS system. Fast photography o f  
t h i s  f l ow  reveals the format ion o f  l a r g e  eddys which break up f u r t h e r  
downstream. 
The subsonic burner was mounted on a motorized X-Z t rans la t i ona l  system. 
The Y-axis (along the  laser  beams) was ad jus tab le  bu t  no t  motorized. 
This system e f f e c t i v e l y  a l lows the  sample volume t o  move through var ious 
pos i t ions  o f  the flame wi thout  al ignment d i f f i c u l t i e s .  
The normal acqu 
a i r .  A f t e r  the 
was made. Each 
During the back 
s i t i o n  sequence began w i t h  a c a l i b r a t i o n  run  i n  ambient 
burner had been s ta r ted  and s tab i l i zed ,  a background run 
data p o i n t  was the  accumulation of 100 lase r  shots. 
round run  the  dye-laser beams were blocked t o  a l low on ly  
s t ray  l i g h t  t o  enter  the  detectors.  The burner was then pos i t ioned by 
means o f  the motorized t rans la t i ona l  stages, and a CARS data p o i n t  was 
obtained. One add i t i ona l  background p o i n t  was obtained fo r  approxi-  
mately every f i v e  data points.  
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An axial prof i le  and two radial  prof i les  were obtained above the coaxial 
burner. The axial p rof i le  began as close t o  the j e t  e x i t  as  physically 
possible and extended 35 fue l - j e t  diameters downstream ( F i g .  6 ) .  
radial  surveys were located a t  5.5 and 22.1 fue l - j e t  diameters down- 
stream (F igs .  7 and 8 ) .  
and extended 5 fue l - j e t  diameters t o  the outer portion o f  the flame. 
The 
These radial  p rof i les  began a t  the center l i n e  
COMPUTATIONAL FLUID DYNAMICS 
The major application of the CARS re su l t s  t o  da te  has been i n  the va l i -  
dation of computational -fluid-dynamics ( C F D )  computer-model i n g  codes. 
Considerable e f f o r t  has been placed on generating codes f o r  predicting 
complex combustion environments. 
data which can be used to  re f ine  the numerous adjustable parameters 
found i n  these codes. 
data. The f i r s t ,  a modification of a CHARNAL code,41 solves parabolized 
Navier-Stokes equations u s i n g  a marching f ini te-difference algorithm and 
includes a two-equation turbulence model (k - E ) .  Combustion was mod- 
eled by hydrogen-oxygen equilibrium chemistry, w i t h  the  nitrogen being 
t reated as  iner t .  
f rac t ion ,  turbulent kinet ic  energy, s t a t i c  temperature, and s t a t i c  pres- 
sure a t  the i n i t i a l  s t a t ion  located 0.01 fue l - j e t  diameters downstream 
of the e x i t  plane. I n i t i a l  velocity and turbulence in tens i ty  prof i les  
were obtained w i t h  a hot-wire anemometer u s i n g  cold-air  flows. I n i t i a l  
prof i les  of s t a t i c  temperature and pressure were assumed to  be uniform 
over both j e t s  a t  300 K and 1 atm. Equilibrium chemistry assumes tha t  
the local mixture reacts  instantaneously t o  an equilibrium mixture o f  
products; this assumption i s  typical ly  used w i t h  low flow ra tes .  
The second computational method used was the TEACH code, which i s  a 
modified version of the REACT2D4* code. The code solves the e l l i p t i c a l  
time-averaged Navier-Stokes equations us ing  the k-E turbulence model for 
two-dimensional reacting flows. The eddy-breakup combustion model o f  
Magnussen and Hjertager43 was used; this model r e l a t e s  the combustion o f  
fuel t o  the breakup and mixing of turbulent eddies and the mean concen- 
t r a t ion  of reacting species. A sol id  wall located a t  4 j e t  diameters was 
used t o  approximate the a i r  boundary. 
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CARS measurements provide experimental 
I n i t i a l l y ,  two separate codes were used w i t h  the 
Input t o  the code consisted of veloci ty ,  fuel mass 
The law of the wall velocity 
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profi le  was used. A t  the out le t ,  axial gradients of a l l  variables 
except velocity were assumed t o  vanish. The TEACH code i terated u n t i l  
the nondimensional residual was minimized. 
In general, the correlation between the CARS data and the data generated 
by the CFD codes was very good. The major differences were i n  the flame- 
spreading rate and the peak temperature. These deviations a re  readily 
explainable by the assumptions b u i l t  in to  the CFD codes. 
may contribute to  th i s  deviation--an overprediction o f  the heat release 
and an overprediction of the mixing ra te .  The heat release may be 
over-predicted for  two reasons. 
adequately model the real system which has f i n i t e  reaction rates .  Sec- 
ondly, these codes do n o t  include a complete coupling model between 
turbulence and the chemical reaction. The mixing r a t e  may have been 
overpredicted for  three additional reasons. 
can cause numerical smearing; this e f f ec t  was suspected t o  be minor 
since the flow was aligned along the mesh and refinements t o  the g r i d  
had only small e f fec ts  upon the resu l t s .  Secondly, the turbulence model 
i t s e l f ,  even for nonreacting flows, overpredicted the mixing  of  the j e t .  
Thi rd ly ,  as the j e t  reacts ,  a low-density "buffer region" forms i n  the 
shear layer; the turbulence model d i d  not account for  the dynamic 
e f fec ts  of t h i s  variable density. 
Two factors  
F i rs t ,  the equilibrium model may not 
First, numerical diffusion 
The CHARNAL code appears to  furnish more accurate predictions of the 
mix ing  as  indicated by the relat ively close correlation between the 
experimental and calculated data i n  the axial prof i le  and the lower 
predicted spreading r a t e  i n  the radial  profiles.  However, the peak tem- 
peratures calculated by the TEACH code more closely match the experimen- 
ta l  data. The lower peak temperature may be the r e su l t  of the use of 
the eddy-breakup model. This model will weakly l ink the chemistry and 
turbulence, thereby preventing the system from obtaining the "equil i b -  
r i um" temperature Val ue . 
SUMMARY 
A nonintrusive diagnostic system has been developed around a coherent 
anti-Stokes Raman spectroscopy instrument. T h i s  system is capable of 
22 
measuring temperature and nitrogen and oxygen number densities in turbu- 
lent combustion environments. High temporal and spatial resolution, 
luminosity discrimination, and a large dynamic range are important 
advantages o f  this system. 
gated with this system. 
Turbulent subsonic f l o w  has been investi- 
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